Cocrystal Structure of a tRNA Ψ55 Pseudouridine Synthase Nucleotide Flipping by an RNA-Modifying Enzyme by Hoang, Charmaine & Ferré-D'Amaré, Adrian R.
Cell, Vol. 107, 929–939, December 28, 2001, Copyright 2001 by Cell Press
Cocrystal Structure of a tRNA 55
Pseudouridine Synthase: Nucleotide Flipping
by an RNA-Modifying Enzyme
Eukaryotes have two close homologs of TruB. One of
these, Pus4 in budding yeast, produces 55 in tRNAs
(Becker et al., 1997a). The other, Cbf5 in yeast and dys-
kerin in human, is responsible for the hundreds of pseu-
douridines present in rRNA and small nuclear RNAs
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(snRNAs). Specific modification of such a large number
of uridyl residues is accomplished with the help of guide
RNAs that are complementary to sequences flankingSummary
the site of modification and accumulate in the nucleolus.
These small nucleolar guide RNAs (snoRNAs) containPseudouridine () synthases catalyze the isomeriza-
two conserved sequences, box H and box ACA. Fourtion of specific uridines in cellular RNAs to pseudouri-
polypeptides, including Cbf5/dyskerin, assemble withdines and may function as RNA chaperones. TruB is
the guide RNAs to form functional small nucleolar ribo-responsible for the  residue present in the T loops
nucleoprotein (snoRNP) particles (reviewed in Kiss,of virtually all tRNAs. The close homolog Cbf5/dyskerin
2001). Three of the four proteins that comprise eukary-is the catalytic subunit of box H/ACA snoRNPs. These
otic box H/ACA snoRNPs (including the catalytic sub-carry out the pseudouridylation of eukaryotic rRNA
unit, Cbf5/dyskerin) have known homologs in archaea.and snRNAs. The 1.85 A˚ resolution structure of TruB
The conservation of snoRNP components in lineagesbound to RNA reveals that this enzyme recognizes the
separated by over three billion years of evolution sug-preformed three-dimensional structure of the T loop,
gests that snoRNP-directed pseudouridylation is a veryprimarily through shape complementarity. It accesses
ancient process (Watanabe and Gray, 2000).its substrate uridyl residue by flipping out the nucleo-
Pseudouridylation is necessary for the biological func-tide and disrupts the tertiary structure of tRNA. Struc-
tions of some cellular RNAs. For example, posttranscrip-tural comparisons with TruB demonstrate that all 
tional modifications of the spliceosomal U2 snRNA aresynthases are descended from a common molecular
essential for assembly of this RNA into functional splic-ancestor.
ing RNPs (Yu et al., 1998).  synthases may also assist
in the structural maturation of their substrates. For thisIntroduction
role, the RNA binding, rather than the catalytic, activity
of synthases appears to be key. Deletion of TruB fromPseudouridine () is the most abundant modified nucle-
E. coli results in loss of  at position 55 in all tRNAsotide in RNA (Rozenski et al., 1999). In Escherichia coli,
and impaired growth. Yet, replacement of the wild-typeten gene products are responsible for the isomerization
protein with a point mutant that is catalytically inactiveof specific uridines in rRNA and tRNA precursors into
but otherwise normally expressed has no detectablepseudouridines. The transformation, which involves
deleterious effects on cell growth (Gutgsell et al., 2000).breakage of the glycosidic bond, rotation of the de-
Mutations in yeast Cbf5 result in ribosomal biogenesistached base, and reconnection through C5, does not
and growth defects. However, the severity of the pheno-utilize cofactors. By sequence analyses, known  syn-
type does not correlate well with the extent of decreasethases can be grouped into four families, each named for
of pseudouridylation of rRNA (Zebarjadian et al., 1999).a representative enzyme: RluA, RsuA, TruA, and TruB.
In these instances, TruB and its homologs may be actingExcept for members of the TruA family, all other  syn-
as RNA chaperones, assisting in the correct folding or
thases share short stretches of sequence similarity and
assembly of their substrate RNAs.
are therefore presumed to be descended from a com-
Mutations in the human TruB homolog dyskerin have
mon molecular ancestor (Gustafsson et al., 1996; Koo- been demonstrated to be the cause of the X linked skin
nin, 1996). and bone marrow disease dyskeratosis congenita (DC;
The majority of tRNAs in the biosphere carry a 55 Heiss et al., 1998). Remarkably, a box H/ACA snoRNA-
residue in their T loop (Dirheimer et al., 1995). TruB like domain is present near the 3 terminus of human
family members are responsible for this modification in telomerase RNA, a snoRNP-like particle that includes
bacteria, eukaryotes, and probably archaea (Watanabe dyskerin assembles on the RNA (Mitchell et al., 1999a),
and Gray, 2000). The recognition of RNA by TruB is and cells of DC patients are deficient in telomerase activ-
intriguing because, unlike the aminoacyl-tRNA synthe- ity (Mitchell et al., 1999b). The importance of the assem-
tases that recognize one or a few cognate tRNAs, this bly of the box H/ACA particle on telomerase RNA is
synthase must recognize all tRNAs in the cell (excepting underscored by the finding that the snoRNA-like domain
initiator tRNA but including mitochondrial tRNAs). In ad- of telomerase RNA is mutated in patients with autoso-
dition, the pyrimidine base of the U55 residue of the mal-dominant DC (Vulliamy et al., 2001).
precursor is buried within the folded structure of tRNAs We now report the atomic-resolution crystal structure
and makes a long-range contact with a D loop nucleo- of E. coli TruB bound to RNA. Other than nucleases
tide. Therefore, TruB must be able to disrupt the tertiary and aminoacyl-synthetases, this is the first structure
structure of its substrate RNAs before catalysis. determination of an RNA-modifying enzyme bound to
a substrate. The cocrystal structure reveals how this
enzyme recognizes the three-dimensional structure of1Correspondence: aferre@fhcrc.org
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the T loop of tRNAs and gains access to its substrate tended helix formed by this crystal-packing interaction
mimics the structure of the stacked T and acceptorby flipping out the nucleobase of U55. We find that the
binding of TruB to its substrate is similar to the inferred stems of an intact tRNA (Figure 1C). We therefore include
nine neucleotides from the symmetry-mate in the subse-mode of substrate recognition by the  synthases that
assemble on box H/ACA guide RNAs to form snoRNPs quent discussion of TruB-RNA interaction, and we num-
ber the nucleotides in the stacked helices after the corre-(Cbf5/dyskerin). A structure of TruA without bound RNA
has been determined previously (Foster et al., 2000). sponding residues in tRNA (Figure 1B).
Association of RNA and one TruB molecule results inAlthough there is no detectable sequence similarity be-
tween TruA and members of the other  synthase fami- burial of 3680 A˚2 of solvent-accessible surface area. The
N-terminal domain of TruB is responsible for 77% oflies, the three-dimensional structures of the cores of
TruA and TruB align closely. Since TruB family se- the protein-RNA interface. The C-terminal domain binds
peripherally to the acceptor stem. The interfacial areaquences are similar to those of enzymes in the RluA
and RsuA families, this implies that all  synthases are of TruB is comparable to that of other tRNA-protein
interactions, such as Ef-Tu (Nissen et al., 1995; 2760 A˚2)derived from one ancestral enzyme.
and glutaminyl-tRNA synthetase (Rould et al., 1989;
5455 A˚2). The stacked TSL RNA helices approach TruBResults and Discussion
from the direction of the C-terminal domain, and nucleo-
tides 55–57 of the T loop project deeply into the activeCrystallization and Structure Determination
site cleft (Figure 1A).RNA hairpins with the sequence of the T stem-loop (TSL)
of tRNAs are substrates for the  synthases Pus4
(Becker et al., 1997b) and TruB (Gu et al., 1998). The TruB Recognizes the Preformed Structure
regioselectivity and kinetics of pseudouridylation are the of the T Loop
same on full-length tRNAs and TSL RNAs. Therefore, all The conformation of the bound TSL RNA is strikingly
determinants of specific 55 synthase-tRNA recogni- similar to that adopted by the equivalent nucleotides in
tion must lie within this segment of tRNAs. RNAs with intact, folded tRNA. Three-dimensional superposition of
a 5-fluorouracyl (5FU) residue at the site of modification TSL with the T stem and loop of yeast tRNAPhe results
are potent mechanism-based inhibitors of tRNA  syn- in a root-mean-square deviation (rmsd) of 1.05 A˚ for 14
thases (Samuelsson, 1991; Gu et al., 1999). We carried aligned C1 atoms (Figure 2A). The similarity in confor-
out crystallization experiments with TruB complexed to mation extends to residues N59 and Y60 (N is any nucle-
synthetic TSL RNAs with 5FU at position 55 (tRNA num- otide; Y is pyrimidine), whose bases are extruded into
bering scheme). Unlike typical RNA hairpins, TSL RNAs solution in the TSL bound to TruB.
are stable as monomeric stem-loops and do not dimer- Koshlap et al. (1999) found that unlike most RNA loops
ize efficiently (Experimental Procedures). A 22 nucleo- of this size (formally 7 nt), the T loop of a TSL was
tide (nt) 5FU:55 TSL (Figure 1) produced well-ordered well ordered in solution. Furthermore, its conformation,
cocrystals. The structure was solved by multiwave- determined by nuclear magnetic resonance (NMR) spec-
length anomalous dispersion (MAD; Table 1) and refined trometry, resembled that of the loop in intact tRNA. The
at 1.85 A˚ resolution to a final Rfree factor of 21.2%. The similarity in the conformations of isolated TSL, TSL
estimated precision of the atomic coordinates of the bound to TruB, and the T loop in intact, folded tRNA
crystallographic model is 0.18 A˚ (Experimental Proce- implies that this RNA stem-loop is largely preorganized.
dures). The ability of the T loop to fold independently is consis-
tent with the proposal that it appeared earlier in evolution
than the rest of the structural elements of tRNA (MaizelsOverview
TruB adopts a mixed / fold with distinct N- and and Weiner, 1993). The three-dimensional structure of
the T stem-loop is not dependent on posttranscriptionalC-terminal domains (Figure 1A). The former (residues
10–249) has approximate dimensions 70  35  35 A˚3 modifications of the RNA, since tRNAPhe is fully modified,
the TSL used for NMR has a methylation but not a pseu-and harbors the active site as well as the majority of RNA
contacts. The N-terminal domain folds into an extensive, douridylation, and the TSL bound to TruB is not meth-
ylated.curved sheet comprised of 11 predominantly antiparal-
lel strands. One of the faces of the sheet is decorated That TruB binds a preorganized T loop that folds inde-
pendently of the rest of the tRNA is also consistent withby 11 helices, 2 short strands, and multiple loops. These
helices and loops form two clusters. The active site lies observations made in Xenopus oocytes by Nishikura
and De Robertis (1981). They found that 55 was pres-at the bottom of the cleft between them. The C-terminal
domain (residues 250–314) is roughly spherical (diame- ent in very early, 104 nt long tRNA precursors that still
carried the 5 leader, the intron, and a 3 extension. Alsoter 30 A˚) and contains a four-stranded  sheet and
one  helix. in vivo, Grosjean et al. (1996) showed that mutations
that disrupt tRNA tertiary structure (involving contactsThe TSL RNA folds into a stem-loop with one reverse
Hoogsteen and seven Watson-Crick base pairs. Five between the T and D loops) did not affect pseudouridyla-
tion in the T loop. Mutations that disrupt the structurenucleotides are extruded into two loops of two and three
nt each (Figure 1B). The stem of the TSL RNA is extended of the T loop, however, completely blocked TruB activity
(Becker et al., 1997b; Gu et al., 1998).by coaxial stacking of a symmetry-related RNA molecule
in the crystal (Figure 1A). At the stacking interface, the When tRNAPhe is docked onto the TSL-TruB cocrystal
structure by superposition of the T stem-loops, the pro-overhanging 5 G residue of one TSL RNA base pairs
with the same residue of a symmetry-mate. The ex- tein and the docked tRNA do not make significant steric
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Figure 1. Structure of the Pseudouridine () Synthase TruB Complexed to a T Stem-Loop (TSL) RNA
(A) Ribbon representation of the complex. Protein helices are colored blue, strands and loops are cyan. Two protein segments characteristic
of TruB family members that modify the T loop of tRNAs are in gray. The TSL RNA is colored yellow, except for nucleotides U54 and A58
that make a conserved reverse Hoogsteen pair, which are colored magenta, and U55 (the site of pseudouridylation), shown in red. A segment
of a symmetry-related RNA is shown in light gray.
(B) Summary of protein-RNA and RNA-RNA interactions. RNA residues that are conserved are named in upper case letters. R and Y denote
purine and pyrimidine, respectively.
(C) Ribbon representation of yeast tRNAPhe (Shi and Moore, 2000). The coaxially stacked T and acceptor stems are colored as the equivalent
residues in (A). The rest of the tRNA is in green.
clashes (Figures 2B and 2C). The portions of tRNA that loop binding cleft. Residues from both segments form
a pocket that recognizes C56 (Figure 3B). U55 (55)are missing from our TSL construct project away from
TruB into the solvent, suggesting that TruB binds folded and C56 are conserved in all tRNAs modified by TruB.
Mutation of C56 to any other nucleotide abolishes TruBtRNAs and the TSL in a similar manner. The lack of
significant tRNA-TruB contacts beyond those present activity (Grosjean et al., 1996; Becker et al., 1997b; Gu
et al., 1998). The reverse Hoogsteen pair (U54:A58) andin the TSL cocrystal structure is consistent with full-
length tRNAs and TSL RNAs being equally effective sub- the Watson-Crick pair that stacks on it (G53:C61) are
also invariant, and TruB makes specific contacts tostrates for pseudouridylation (Becker et al., 1997b; Gu
et al., 1998). these nucleotides (Figures 1B and 3C). The importance
of the reverse Hoogsteen pair in substrate recognitionThe molecular surface of TruB is highly complemen-
tary to the shape of the T stem and loop of tRNAs (Figure by TruB is consistent with the inability of the enzyme to
modify initiator tRNAMet, which lacks the U54:A58 base3A). The RNA is bound by a deep cleft on the surface
of the enzyme. A thumb-like protrusion of TruB, com- pair.
prised of residues from strands 8 and 9 and helix 4,
pinches the major groove of the RNA loop (Figure 3A). TruB Gains Access to Its Substrate
by Base FlippingTwo polypeptide segments (insertions 1 and 2, Figure
4) differentiate the TruB family  synthases that act on The TruB cocrystal structure reveals that this synthase
gains access to its substrate by flipping out nucleotidethe T loops of tRNA (TruB and Pus 4) from those that
are part of box H/ACA snoRNPs (Cbf5 and dyskerin). 55 of tRNA. In the TruB-TSL complex, the bases of nucle-
otides 55, 56, and 57 are everted from the position theyThe thumb is comprised primarily of residues in insertion
2. Residues in insertion 1 form part of the floor of the T assume within the helical stack of isolated, folded tRNA
Cell
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Table 1. Crystallographic Statistics
Diffraction Data
Data set Crystal I Crystal II
Resolution range (A˚)/last shell (A˚) 20.0–2.0/2.07–2.0 30.0–1.85/1.92–1.85
144.97 A˚, 40.18 A˚, 77.97 A˚, 110.39Unit cell (a, b, c, ) 145.05 A˚, 40.36 A˚, 77.99 A˚, 110.60
1 2 3
Wavelength (A˚) 0.9611 0.9792 0.9794 1.5418
Reflections observed/uniquea 182,277/52,078 175,548/50,692 131,002/50,694 107,243/35,366
Completeness (%) (last shell) 93.3 (63.3) 91.1 (56.1) 91.3 (56.6) 96.8 (94.3)
I	/
(I)	 (last shell) 24.1 (4.2) 25.4 (5.3) 19.8 (2.9) 20.0 (3.5)
Rsymb (%) (last shell) 5.9 (21.9) 6.2 (17.7) 5.8 (24.6) 6.2 (32.6)
MAD Analysis
Phasing powerc (acentric reflections) ano iso/ano iso/ano
Resolution range (A˚)
20.0–2.0 1.33 0.28/1.18 1.29/1.59
20.0–2.3 1.63 0.29/1.26 1.55/1.88
RKrautd (acentric reflections, %)
Resolution range (A˚)
20.0–2.0 3.3 5.3/4.6 4.5/4.6
20.0–2.3 2.8 4.9/4.2 3.8/3.9
Mean figure of merite
Resolution range (A˚)
20.0–2.0 0.50
20.0–2.3 0.63
Numbers in parentheses refer to the last shell.
a For Crystal I data, the Bijvoet pairs were not merged.
b Rsym  |I  I	| / I where I is the observed intensity and I	 is the statistically weighted absolute intensity of multiple measurements of
symmetry related reflections.
c Phasing power  |Fh|	 / ||Fp  Fh|  |Fph||	, reported for all acentric reflections.
d RKraut  |(|Fp  Fh|  |Fph|)| / |Fp|, reported for all reflections.
e Mean figure of merit  P() ei / P()	, where  is the phase and P() is the phase-probability distribution.
(Figure 2A). The first structure of an RNA-protein complex, TruB must accommodate methylation of A58 at N1
and of U54 at O2 and C5 (Figure 3D), since these con-that of glutaminyl-tRNA synthetase-tRNAGln, showed
that the enzyme recognized the anticodon loop nucleo- served modifications happen very early in tRNA biogen-
esis (Nishikura and De Robertis, 1981; Grosjean et al.,tides by flipping out the normally buried bases of those
residues (Rould et al., 1989). Since the anticodon loop 1996). His43 is preceded by an invariant glycine. Methyl-
ation of A58 would abolish the hydrogen bond (Figuredoes not interact with other moieties of tRNA, the splay-
ing of anticodon nucleotides by numerous aminoacyl- 3D) between its N1 and the main chain amide of His43.
However, the N1 methyl would be able to make a vantRNA synthetases (reviewed in Cusack et al., 1998) affects
only the local structure of the nucleic acid. In contrast, der Waals contact with the conserved Gly42. The TruB-
RNA interface leaves unoccupied space on both thethe flipping-out of the T loop by TruB disrupts tertiary, or
long-range, interactions between the T and D loops of major and minor groove sides of U54 that would accom-
modate both of its potential methyl groups without sterictRNA (Figure 3D).
The highly conserved His43 appears to play a central clashes (data not shown)
role in nucleotide flipping. The loop connecting strands
2 and 3 (residues 42–51) harbors the most conserved Active Site and Catalysis
Huang et al. (1998) proposed that an aspartate residueresidues in TruB (Figure 4). Amino acids of this loop line
the T loop binding cleft of TruB (Figure 3A) on the side (Asp48 in TruB) that is conserved in all known  syn-
thase sequences is involved in catalysis. TruB positionsopposite the thumb. The closing of the thumb on the T
loop forces the imidazole ring of His43 into the T loop. Asp48 relative to the substrate uridyl residue by stacking
His43 under the reverse Hoogsteen U54:A58 base pairThe imidazole stacks underneath the invariant A58:U54
reverse Hoogsteen pair (Figure 3C), taking the place that (Figure 3C). Mutation of the corresponding aspartates
in TruA (Huang et al., 1998), TruB (Vidhyashankar etwould be occupied by the nucleobase of G18 from the
D loop in intact tRNA (Figure 3D). The position of His43 al., 1999), and RluA (Gutgsell et al., 2000) abrogates
catalytic activity without affecting the affinity of the pro-relative to the T stem duplex is further stabilized by
hydrogen bonds between its main chain amide and car- teins for their substrate RNAs. Gu et al. (1999) proposed
that the conserved aspartate attacks the substrate uracilbonyl groups directly to the purine base of A58 and
through a bound water to the invariant C61 (Figure 3C). at C6, which leads to breakage of the glycosidic bond
(Figure 5A). The uracil base, attached to the aspartylU55 (or 55) is stacked underneath the reverse Hoog-
steen pair in isolated, folded tRNA (Figure 3D). Insertion side chain through an ester bond, would then rotate
180 before reattaching to the ribose. Inhibition of of the imidazole into the T loop forces U55 to flip out in
order to avoid a steric clash with the polypeptide chain synthases by substrate RNAs containing 5FU at the site
of modification (Samuelsson, 1991) is thought to be aC-terminal to His43 (Figure 3C).
Nucleotide Flipping by a Pseudouridine Synthase
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Figure 3. Molecular Basis of Specific RNA Binding by TruB
(A) TruB accommodates the T stem-loop of tRNA in a deep cleft. The
protein is shown as a molecular surface, colored by local curvature
(green for convex, gray for concave). The bound TSL RNA is in CPK
coloring scheme. Note the “thumb” that pinches the major groove
of the loop of the TSL RNA.
(B) Pocket for the flipped-out, conserved residue C56. Double-
headed arrows indicate hydrogen bonds.
(C) His43 recognizes the conserved A58:U54 reverse Hoogsteen
base pair. Note how the protein main chain (in cyan) pushes out
RNA residue 55 (in red) from the helical stack.
(D) Detail of the structure of the T loop of intact, folded tRNAPhe.
G18, from the D loop, tucks underneath the reverse Hoogsteen pair
and makes a single hydrogen bond to 55, which also lies within
the helical stack. Compare with (C).
uct of the covalent enzyme-inhibitor RNA complex. The
nucleobase at position 55 of the bound TSL RNA can
be unambiguously identified as (5S,6R)-5-fluoro-6-
hydroxy-pseudouracyl (Figure 5A) based on four fea-
tures of the experimental electron density map, which
is unbiased by model building (Figure 5B). First, the
center-to-center distance between the position of the
C1 carbon of the ribose of residue 55 and the adjacent
atom in the base (1.5 A˚) is consistent with a covalently
connected base. Second, the base makes a110 angle
with the glycosidic bond, implying that the nucleobaseFigure 2. Recognition of tRNA by TruB
atom attached to C1 is sp3 hybridized. Third, this sp3-(A) Superposition of the TSL bound to TruB (colored as in Figure 1)
hybridized atom can be identified as C5 by its exocyclicwith the corresponding residues from the structure of tRNAPhe (in
green). The alignment was with the C1 atoms of all residues shown substituent, which has an electron density consistent
except nucleotides 55–57 (the rmsd is 1.05 A˚ for 14 C1 atoms). with fluorine. Fourth, the adjacent C6 atom carries an
Three nucleotides at the apex of the T loop are flipped out of the exocyclic substituent that points away from the direction
helical stack by binding to TruB. of the glycosidic bond (Figure 5C). This substituent is a
(B) Intact tRNAPhe docked onto the TruB structure using the superpo-
hydroxyl group produced by the hydrolysis of the estersition in (A).
bond between Asp48 and the base. The electron density(C) 90 rotation. Note the absence of significant clashes between
the tRNA model and the TruB structure. shows that the carboxylate of Asp48 is detached from
the nucleobase (Figure 5B). The base of nucleotide 55
in our TruB-TSL complex is connected to its ribose
through a glycosidic bond to C5 (Figure 5C). This impliesconsequence of formation of a covalent enzyme-RNA
complex (Gu et al., 1999). that TruB has carried out base disconnection, rotation,
and reattachment on 5FU, just as it would have withOur TruB-TSL cocrystals contain the hydrolysis prod-
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Figure 4. Multiple Sequence Alignment of  Synthases
The sequence of E. coli  synthase TruB is compared to those of the yeast 55 synthase Pus4, the human snoRNP catalytic subunit dyskerin,
the Cbf5 homolog from the archaeon Methanococcus jannaschii, and the E. coli  synthases TruA, RsuA, and RluA. Residue numbers over
the alignment correspond to full-length E. coli TruB. Residue numbers in the left margin correspond to the respective proteins. The secondary
structure of TruB is depicted schematically on top of the alignment. Green circles denote amino acid residues that become buried upon RNA
binding by TruB. Red circles are residues lining the active-site cavity of TruB. Hyphens and slashes in the alignment represent gaps and
insertions, respectively, in the protein sequences. Residues that are identical in two or more aligned sequences and those that are similar
are shaded in pink and yellow, respectively. Two sequence insertions that are characteristic of  synthases that modify tRNA residue 55 are
boxed and labeled Ins1 and Ins2. The C-terminal domain of TruB starts at residue 250.
U. However, the enzyme could not break the carbon- may help offset the positive charge of the oxocarbenium
ribose intermediate, as would the negatively chargedfluorine bond in the resulting covalent adduct. Thus,
the base could not be released by rearomatization to phosphates of the RNA (Figure 5A). A function for phos-
phates in oxocarbenium stabilization has been pro-produce . The fluoro-hydroxy-pseudouracil present in
our crystals must be the result of slow hydrolysis of the posed for a DNA glycosidase (Dinner et al., 2001). Two
well-ordered waters are present in the predominantlyenzyme-inhibitor adduct during the course of crystalliza-
tion (Figure 5A). hydrophobic environment of the active site (Figure 5D)
and could be involved in acid-base chemistry. TruB flipsThe active site cavity of TruB is lined with a large
number of hydrophobic residues, most of which are out two nucleotides in addition to U55 (Figure 2A). Since
the only strong interaction between the enzyme and U55phylogenetically conserved. The active site is inaccessi-
ble to bulk solvent once RNA binds, thus sequestering is through Asp48, TruB binding to the two additional
flipped-out nucleotides may keep the ribose of U55 fromthe substrate nucleobase of tRNA residue 55. Asp48
makes a solvent-inaccessible salt bridge with Arg181 flipping back prematurely before reattachment to the
rotated nucleobase. Because the nucleobase present at(Figures 3B and 3D), which is conserved in Cbf5/dys-
kerin. The basic residue is not conserved in the yeast tRNA position 55 in our cocrystals is unnatural, detailed
analysis of the protein-RNA interactions that stabilize synthase Pus4 (Figure 4), but this enzyme has an
arginine at position 180, which presumably makes the the enzyme-precursor and enzyme-product complexes
will have to await further structure determinations.same interaction to avoid an energetically unfavorable
buried negative charge. The salt bridge may also acti-
vate Asp48 as a nucleophile (Figure 5A) by deprotonat- TruB and Dyskerin Recognize RNA
in a Similar Mannering the carboxylate.
We built a model of the precursor-TruB complex by The sequences of E. coli TruB and the box H/ACA
snoRNP catalytic subunit from human, dyskerin, aredocking a uridyl residue onto the TSL-TruB structure
using the ribose of TSL residue 55. When the docked over 30% identical (Figure 4). This level of sequence
identity implies a similar protein structure (Sander anduracil base is rotated along its glycosidic bond to mini-
mize steric clashes with TruB, it is found to make a Schneider, 1991). Does the similarity between these 
synthases extend to the manner of their substrate recog-stacking interaction with the aromatic ring of Tyr76 (Fig-
ure 5D). This orientation of the modeled uracil also nition? Comparison of a large number of box H/ACA
guide RNAs by Ganot et al. (1997) showed no sequenceplaces its C6 atom 3.5 A˚ from the carboxylate of Asp48
with which it must react. Tyr76 is conserved in  syn- conservation. However, pseudouridylation always takes
place on the first unpaired uracil residue 3 of an RNAthases from the TruB, TruA, RluA, and RsuA families
(Figure 4). Both the precursor uracil and the product duplex formed between the substrate and guide RNAs.
The TruB-TSL cocrystal structure reveals that the uni- bases would make similar stacking interactions with
Tyr76, but a partially rotated base would not. Thus, Tyr76 versal U54:A58 reverse Hoogsteen base pair of tRNAs
is preserved in the enzyme-RNA complex. Stacking ofmay play a role in catalysis by disfavoring unproductive,
partially rotated conformations of the detached nucleo- the imidazole of His43 underneath this base pair drives
base flipping and positions Asp48 for catalysis. Sincebase. A second aromatic residue, Tyr179, stacks against
the sugar of RNA residue 55. Its electron-rich  orbitals the reverse Hoogsteen pair continues the T stem helical
Nucleotide Flipping by a Pseudouridine Synthase
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stack, TruB, just like the box H/ACA snoRNPs, catalyzes
pseudouridylation on the first unpaired nucleotide 3 of
a helical segment. His43 and the flanking Gly42 and
Gly45 are conserved between TruB and Cbf5/dyskerin.
These amino acids are likely to be responsible for sub-
strate recognition and distortion in similar manner (with
a nonspecific Watson-Crick pair replacing the reverse
Hoogsteen pair) in the active sites of TruB and the box
H/ACA snoRNPs.
Association of a box H/ACA guide RNA and the com-
plementary substrate RNA results in a three-helix junc-
tion adjacent to the site of pseudouridylation (Ganot et
al., 1997). Two of these helices would be analogous to
the two helical stacks of tRNA (T  acceptor and D 
anticodon) and could be accommodated by Cbf5/dys-
kerin in a manner similar to the binding of tRNA to TruB
(Figures 2B and 2C). Cbf5/dyskerin lack most of the
amino acids that constitute the T loop binding thumb
(Figure 3A) and the floor of the T loop binding cavity
(insertions 1 and 2, Figure 4; segments colored gray in
Figure 1A). Their absence would result in an opening in
the lower part of the N-terminal domain (Figure 1A) that
would accommodate the third RNA helix of the guide
RNA-substrate RNA complex. The amino acids that form
strand 8 of TruB and recognize the 3 end of the helical
stack preceding the pseudouridylation site (Figure 1A)
are conserved between TruB and Cbf5/dyskerin (Figure
4) and probably accommodate duplex RNA in the same
manner.
Pseudouridine Synthases Share a Common Fold
Despite the absence of any detectable sequence iden-
tity, a DALI (Holm and Sander, 1993) search of the protein
data bank with TruB atomic coordinates returns TruA
(Foster et al., 2000) as the most similar protein structure
in the database (Figure 6A). The structural similarity (Z
score 9.4; a score above 2 implies a structural similar-
ity) extends throughout the N-terminal domain and is
pronounced in residues that form the large, curved 
sheet. Active site residues (Figure 6B) and the conforma-
tion of the 2-3 loop that carries the catalytic aspartate
(Figure 6A) are well conserved. Presumably, TruA also
accesses its substrate by nucleotide flipping, and ac-
complishes catalysis in a manner similar to TruB. Since
TruA modifies the anticodon stem of tRNAs, it is ex-
pected to bind its substrates very differently from TruB.
RNA binding segments of TruB, such as the thumb and
the C-terminal domain, are not present in the TruA struc-
ture. RluA and RsuA sequences have detectable similar-
ity to TruB near the catalytic residues (Figure 4) but not
Figure 5. Active Site and Catalysis elsewhere. The structural similarity between TruA and
(A) Schematic reaction path, modified from Gu et al. (1999). Attack TruB and the sequence similarity among TruB, RluA,
of Asp48 on C6 of uracil is followed by detachment of the pyrimidine
base from the sugar, a 180 rotation of the base, and reattachment
through C5. If the substituent at C5 of uracil is hydrogen, detachment
of aspartic acid produces pseudouracil. If the substituent is fluorine, pseudouracil. Note how the sugar attaches to C5, which also bears
the covalent enzyme-RNA complex resolves by hydrolysis of the the fluorine. C6 carries an exocyclic hydroxyl substituent that lies
ester to produce the base present in the TSL-TruB cocrystal. approximately perpendicular to the rest of the nucleobase.
(B) Portion of the 1.85 A˚ resolution solvent flattened MAD experimen- (D) The active site cavity of TruB. A uracil base has been modeled
tal electron density map contoured at 1.5 standard deviations (SD) in place of the fluoro-hydroxy-pseudouracil present in the crystal,
above mean peak height, superimposed on the refined crystallo- keeping the ribose and all other atoms shown in their positions in
graphic model. The panel demonstrates that the base of RNA resi- the refined crystallographic model. The catalytic Asp48 forms a
due 55 is not coplanar with the glycosidic bond and that the catalytic buried salt bridge with Arg181. The base of the modeled uracil
residue, Asp48, is disconnected from the base. stacks on the aromatic ring of Tyr76. Note the markedly hydrophobic
(C) Detail of RNA residue 55 which is (5S,6R)-5-fluoro-6-hydroxy- lining of the active site.
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Figure 6. Comparison of  Synthases TruA and TruB
The alignment results in a 15% sequence identity over 154 residues and a rmsd of 3.5 A˚.
(A) Stereo view of the  carbons of TruB (this work) superimposed on those of TruA (Foster et al., 2000) in red. The catalytic aspartate is
colored green and marked by an asterisk.
(B) Detail of the superimposed active sites, showing conservation of several amino acid residues. The uracil base was modeled as in Figure 5D.
and RsuA together imply that all these enzymes are with the advent of translation, and DNA did not evolve
until later. This would be consistent with the widespreadderived from a single ancestral  synthase.
participation in present-day cells of RNAs in RNA metab-The DALI (Holm and Sander, 1993) similarity search
olism and translation but not DNA metabolism. It woulddid not find any other protein that is structurally similar
also explain why all cells make deoxynucleotides byto the entire N- or C-terminal domains of TruB. TruB is
reducing ribonucleotides (Freeland et al., 1999). The usenot significantly similar to the common RRM RNA bind-
of nucleotide flipping by TruB suggests that this mecha-ing domain. Several proteins share significant structural
nism was already in use in the putative RNA-proteinsimilarity to the moiety of the N-terminal domain com-
world and was later adopted by enzymes involved inprised of strands 4, 10, 11, and helices 3 and 5
DNA methylation and repair.(the bottom of the protein in the view of Figure 1A). For
TruB may function as an RNA chaperone, facilitatingexample, a 78 amino acid segment of phenylalanyl-tRNA
tRNA folding (Gutgsell et al., 2000). The crystal structuresynthetase (Goldgur et al., 1997) that is involved in tRNA
shows that binding of TruB to its substrate would disruptbinding aligns with this TruB moiety (Z score  3.7).
the interaction between T and D loops of tRNA. OpeningHowever, tRNAPhe binds on the face of the  sheet oppo-
of the RNA structure during pseudouridylation wouldsite from where tRNA binds to TruB. TATA binding pro-
give misfolded tRNAs a second opportunity to form cor-tein (Kim and Burley, 1994) aligns with this TruB moiety
rect tertiary interactions when they are released by the(Z score  3.0), but the DNA is bound on the opposite
 synthase after catalysis. Pseudouridylation may be aface of the  sheet from the RNA binding face of the
“molecular clock” determining how long a tRNA is heldN-terminal domain of TruB. It appears that this moiety
open by TruB.of the N-terminal domain of TruB is either a very ancient
The cocrystal structure of TruB shows for the first timefold or one that has evolved multiple times to serve
how a  synthase recognizes RNA and gains access tounrelated functions. In the current structural database,
its substrate nucleobase. This high-resolution structurethe extensive  sheet and the catalytic loop of  syn-
will serve as the starting point for further genetic, bio-thases are unique to this family of enzymes.
chemical, and biophysical analysis of the catalytic
mechanism of  synthases, as well as investigation of
Conclusion their putative functions as RNA chaperones. TruB and
Nucleotide flipping by enzymes that modify purine and the catalytic subunit of box H/ACA snoRNPs, Cbf5/dys-
pyrimidine bases was first described in the structure of kerin, are similar both in protein sequence and in RNA
a DNA cytosine 5-methyltransferase (Klimasauskas et recognition. Thus, the TruB cocrystal structure also pro-
vides the first glimpse at the active site of a guide RNA-al., 1994). Roberts and Cheng (1998) predicted that this
based RNA-modification machine and opens the waymechanism would be widespread among RNA-modi-
to structure-guided analysis of the mechanism of actionfying enzymes. Indeed, it has recently been shown to
of these nucleolar RNP complexes.be part of the catalytic strategy of an RNA (Rupert and
Ferre´-D’Amare´, 2001) and a protein (Yang et al., 2001)
Experimental Procedureswith ribonuclease activity. The TruB cocrystal structure
extends the scope of nucleotide flipping to RNA base Protein and RNA Preparation
modification. It has been proposed that the primordial Plasmid pECTruB is a pET16b (Novagen) derivative that encodes the
E. coli pseudouridine synthase TruB (residues 10–314, E.C. 4.2.1.70;RNA world was first replaced by an RNA-protein world,
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Nurse et al., 1995) with the first nine residues of the wild-type se- syntheses. Two additional sites were located in difference Fourier
syntheses. Heavy atom parameters were refined, and phases werequence (MSRPRRRGR) replaced by a His tag of sequence
MGHHHHHHHHHHSSGHIEGRHM. Selenomethionyl protein was ex- calculated at 2.0 A˚ resolution using MAD data from crystal I (Table
1). “Solvent flattening” and phase extension to 1.85 A˚ resolutionpressed in the auxotroph E. coli B834 (DE3) as described (Doublie´,
1997). The clarified lysate was loaded onto a Ni-NTA (Qiagen) column against structure factor amplitudes from crystal II produced an elec-
tron density map into which most of the macromolecule residuesequilibrated in buffer A (20 mM Tris-HCl [pH 8.1], 400 mM KCl,
5% glycerol, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM could be built unambiguously using program O (Jones et al., 1991).
Rounds of manual rebuilding, interspersed with conjugate-gradient2-mercaptoethanol) and eluted with a linear gradient of buffer B.
This had the same composition as buffer A except for being 1 M in energy minimization, torsion-angle simulated annealing, and re-
strained individual B factor refinement with the program CNS pro-imidazole-HCl. Selenomethionine-TruB eluted at 200 mM imida-
zole. The protein solution was brought up to 50 mM EDTA and then duced the current model (Rfree  21.2%, Rwork  18.4% for data
between 30 and 1.85 A˚; Rfree  30.9%, Rwork  25.1% between 1.92dialyzed against a buffer comprised of 20 mM Tris-HCl (pH 8.1), 100
mM KCl, 5% glycerol, 0.5 mM PMSF, 1 mM tris(2-carboxyethyl)phos- and 1.85 A˚). Refinement was against all crystal II structure factor
amplitudes (|F| 	 0) and crystal I MAD phase-probability distribu-phine (TCEP, Price). The protein was then loaded on a Mono-Q
(Pharmacia) column equilibrated in buffer C (20 mM Tris-HCl [pH tions (31,038 and 3,444 structure factors in the working and test
sets, respectively) using a maximum likelihood target (Bru¨nger et8.1], 0.5 mM TCEP, 0.5 mM EDTA [pH 8.0], 5% glycerol, 0.5 mM
PMSF) and eluted with a linear gradient to buffer D (same composi- al., 1998). A solvent mask and an overall anisotropic B factor correc-
tion were used throughout. The model comprises TruB residuestion as buffer C except for having 1 M KCl). Selenomethionyl TruB
(which elutes at260 mM KCl) was further purified by size-exclusion 10–312 (the His tag and residues 313–314 are disordered), all RNA
residues, 259 water molecules, and 10 sulfate ions (3,115 nonhydro-chromatography (Superdex 200, Pharmacia) in buffer E (20 mM
HEPES-KOH [pH 7.5], 150 mM KCl, 0.5 mM EDTA, 1 mM TCEP, and gen atoms). The mean B factors for protein, RNA, water, and ions
are 25.8 A˚2, 26.2 A˚2, 33.2 A˚2, and 84.2 A˚2, respectively. The mean20% glycerol), concentrated, and stored at 80C. Matrix-assisted
laser desorption-ionization mass spectrometry confirmed full sub- real-space R factors (in a 
A-weighted composite simulated-anneal-
ing omit 2|Fo|  |Fc| map) are 6.28% and 4.52% for protein andstitution of methionine by selenomethionine (calculated mass differ-
ence between sulfur and selenium proteins for nine methionines: RNA residues, respectively. Except for the 22 residue His tag, two
C-terminal TruB residues, G274, and the C5 of RNA residue 52,422.1 atomic mass units [a.m.u.]; measured difference 434  15
a.m.u.). The initiation methionine is absent, but the protein is other- the backbone electron density in the same composite simulated-
annealing omit map is everywhere continuous at a contour level 1.1wise intact. Sulfur protein was expressed in E. coli BL21 (DE3) and
purified in the same manner. The 5FU-TSL RNA was from Dhar- standard deviations above mean peak height. Ribose puckers were
clearly discernible in the experimental electron density map. In themacon Research (Boulder, CO). After deprotection, the RNA was
purified by anion exchange chromatography, desalted, and stored crystallographic model, residues D10, N39, Q94, E106, Q132, K207,
E227, E287, N288, R306, and Y312 are missing parts of their sidein water at 4C. Absorbance melting analysis at different RNA con-
centrations, as well as native gel electrophoresis, demonstrated that chains. Residues I57, N166, V214, Q228, E235, and R302 have been
built in two conformations. The crossvalidated 
A mean coordinatethe RNA exists exclusively as a hairpin (not a duplex) under these
storage conditions (unpublished data). error is 0.18 A˚. The model has rmsd of 0.0056 A˚ and 1.25 from
ideal bond lengths and angles, respectively. Of the protein residues,
93.1% lie in the most favored regions of the Ramachandran plot,Crystallization and Data Collection
6.5% in additional allowed regions, and one residue (S206) in theTruB was exchanged by ultrafiltration into storage buffer without
generously allowed region. There are no residues with disallowedglycerol. It was mixed with 5FU-TSL RNA in a 1:1.8 protein:RNA
backbone conformations. Except for line drawings and Figure 3Aratio at a final complex concentration of 0.21 mM. Sitting drops
(which was generated with GRASP; Nicholls et al., 1993), all figuresconsisting of 3.0 l each of complex and reservoir solution (1.5 M
were prepared with RIBBONS (Carson, 1997).ammonium sulfate, 10 mM MgCl2, 2% PEG400, 0.1 M HEPES-KOH
[pH 7.5], and 1 mM TCEP) were preequilibrated by vapor diffusion
Acknowledgmentsat 22C. Because oxidation was found to inhibit crystal growth,
crystallization setups were sealed in vacuum grease and contained
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beamline 5.0.2 as part of the principal research consortium wassame manner as for sulfur TruB except that the protein was mixed
made possible by general support from the FHCRC. A.R.F. is a Ritawith TSL RNA in the same protein-RNA ratio at a final complex
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